A search for the dinucleon decay pp → K þ K þ has been performed using 91.6 kton · yr data from Super-Kamiokande-I. This decay provides a sensitive probe of the R-parity-violating parameter λ 112 00 . A boosted decision tree analysis found no signal candidates in the data. The expected background was 0.28 AE 0.19 atmospheric neutrino induced events and the estimated signal detection efficiency
was 12.6% AE 3.2%. A lower limit of 1.7 × 10 32 years has been placed on the partial lifetime of the decay 16 O → 14 CK þ K þ at 90% C.L. A corresponding upper limit of 7.8 × 10 −9 has been placed on the parameter λ 112 00 . Dinucleon decay is the name given to the process where the quarks of two bound nucleons interact to produce a decay. This process could be mediated by the exchange of a non-standard model particle. An exclusively mesonic final state would conserve charge, momentum, and angular momentum, and violate only baryon number by two units. In this regard, dinucleon decay is sensitive to different processes than single nucleon decay, which must violate both baryon and lepton number.
In this Letter, we describe our search for dinucleon decay via the reaction pp
Dinucleon decay modes with final-state kaons are particularly interesting in the context of supersymmetry, in which the diagram for the reaction includes R-parity-violating interaction vertices, characterized by the ΔB ¼ 1 coupling constant λ 112 00 (see Fig. 1 ). It is expected that dinucleon decay into kaons is the most sensitive experimental probe of the magnitude of λ 112 00 [1] [2] [3] . Several comprehensive reviews of current phenomenological limits on the λ ijk 00 parameters exist in the literature [4] [5] [6] . Dinucleon decay to kaons also constrains generic [nonsupersymmetric (SUSY)] models of baryon number violation [7] .
The Fréjus tracking iron calorimeter experiment [8] is the only other experiment to have performed a direct search for ΔB ¼ 2 dinucleon decay modes with visible final-state particles. The Fréjus Collaboration searched for final states composed of either leptons or pions through such channels as pp → e þ e þ and pp → π þ π þ using the iron in the detector as the progenitor nucleus [9] . No evidence was seen for pionic or leptonic decay modes. The Fréjus dinucleon decay study was based on a 2:0 kton · yr exposure, corresponding to about 2.1 × 10 31 iron · yrs. Partial lifetime limits were placed on the pionic and leptonic decay modes that were on the order of 10 30 years [9, 10] . The Fréjus study did not include any searches for dinucleon decay into final states with kaons.
In this Letter, the data collected during the SK-I data-taking period (May 1996-July 2001; 1489.2 days of live time) are analyzed, corresponding to 91.6 kton · yrs or 3.1 × 10 33 oxygen · yrs of exposure. The SuperKamiokande (SK) water Cherenkov detector is located beneath a 2700-m water equivalent overburden of rock, under the peak of Mt. Ikenoyama in Kamioka, Gifu prefecture in Japan. For details on the detector design, calibration, data reduction, and simulations, see Ref. [11] . This study concentrates only on events in which all of the Cherenkov light was fully contained in the inner detector. The data used in this study is the same set used for other proton decay and atmospheric neutrino studies performed at Super-Kamiokande.
There are three dinucleon decay modes with a final state composed exclusively of kaons:
The decay mode into two charged kaons features the most distinct experimental signature. The charged kaons are ejected from the parent nucleus with a momentum of roughly 800 MeV=c , above their Cherenkov threshold in water of 563 MeV=c , and are therefore directly detectable. The muons produced in the kaon decay chain are also above the Cherenkov threshold and are detectable, as are the electromagnetic showers due to gamma-rays from π 0 decay. Decays involving neutral kaons are less efficiently identified, due to the K 0 L escaping the detector and the high branching fraction of K 0 S to π þ π − , which proves to be a difficult signature to discern in a water Cherenkov detector.
The branching ratios of the three most probable final states of pp → K þ K þ are shown in Table I . The third column in the table shows the final-state combinatorics, and the fourth column shows the detectable relative rates as obtained from the Monte Carlo simulation. The detectable relative rates include detection inefficiencies due to hadronic interactions that consume one or both of the K þ before they are able to decay. The leading hadronic effects
00 appears in two interaction vertices. 
131803-2 of this type are charge-exchange interactions (K þ n → K 0 p) which occur while the K þ travels through the water. Charge exchange occurs at a rate of 9.5% per K þ . The only source of background in this analysis is from multi-ring events produced by multi-GeV atmospheric neutrino interactions. The Monte Carlo program used to model these events is described in Ref. [12] . The rate of these types of events in the Super-Kamiokande detector is about 2.5 per day. Multiring events are produced when mesons from the hadronic recoil produces visible rings. Rings produced by recoiling protons, while generally rare, are also present in the final background sample [13] . Other mechanisms, such as multiple scattering and hadronic interactions of pions, can also contribute to multiple background events.
The experimental signature of this dinucleon decay has features not seen in Super-Kamiokande searches for typical proton decay modes, such as p → e þ π 0 and p → νK þ [14, 15] . The distinguishing features of the signal events are the visible Cherenkov rings produced by charged kaons above the Cherenkov threshold and the large spatial separation between the vertices of the kaon decay products. A cartoon illustration of the event geometry is shown in Fig. 2 . Because of the relatively long lifetime of the charged kaons (12 ns), they are expected to travel a distance of about 1.3 m until slowing to a stop and ultimately decaying. About 27% of the kaons in our simulation decayed in flight. The operating principle of this analysis is to reconstruct all events in the data according to the hypothesis that they were created by dinucleon decay into kaons with a final state corresponding to one of those listed in Table I . The resulting reconstructed variables describing the event under the dinucleon decay hypothesis are then fed into a boosted decision tree trained on Monte Carlo signal and background events which yields an ultimate discriminatory variable representing how signal-like or background-like each event appears to be. The final cut on the boosted decision tree output is optimized based upon the significance for finding a single signal event.
The event reconstruction is performed in a two-step process. In the first step, each ring is reconstructed on an individual basis using three particle-type hypotheses: K þ , μ þ , and γ. Each ring is assigned a direction of travel, Cherenkov opening angle, and momentum corresponding to all three particle-type hypotheses. Unlike previous SK analyses, where a single event vertex is defined, a newly developed algorithm assigns an independent vertex for each ring. A showering likelihood independent of particle type is also assigned to each ring. The showering likelihood quantifies how likely a ring was to have originated from an electromagnetic showering particle (i.e., e AE or γ), or a more massive, nonshowering particle (i.e., p, K AE , π AE , or μ AE ) based on the light pattern of the ring [12] . A special light-masking algorithm is utilized in the ring reconstruction that allows a single ring to be considered independently of all other light in the detector [16] . This masking is crucial for resolving the multiple particle vertices in the pp → K þ K þ signal events. In the second step, all of the rings in the event are considered together, after which the final particle-type assignment for each ring is made. The reconstructed ring variables and the event topology are used in conjunction to classify each ring as either a K þ candidate, μ þ candidate, or γ candidate-the three detectable particle types in the signal events-using the pp → K þ K þ hypothesis. We note that the π þ from K þ → π þ π 0 , though just above the Cherenkov threshold, would not generate enough light to be detectable amidst the many other, brighter rings, and thus no attempt is made to identify them in this study.
After having classified all rings as either K þ , μ þ , or γ candidates, we categorize the event based on the breakdown of its constituent rings. Monte Carlo studies show that only certain event categories are likely to arise from a dinucleon decay event by this method of ring accounting. Eight event categories are selected to continue past the event reconstruction and precuts (described below) phase of the analysis, and are listed in the left column of Table II. Just prior to the selection on event category, the following precuts are applied to the data and Monte Carlo samples to reduce a significant portion of the background while retaining the majority of the signal: 3 ≤ number of found rings ≤ 5; 1000 ≤ total number of photoelectrons in the inner detector ≤ 11 000; 0 ≤ number of found muon-decay electrons ≤ 2; distance from event vertex to nearest wall > 200 cm, where the event vertex is determined by the event's best kaon candidates resulting from the ring reconstruction method described previously. A total of 27 events in the data pass both the precuts and event category selection, with an expected background of 33.9 events and a signal efficiency of 21.9% predicted by the Monte Carlo calculation.
Following precuts and selection on event category, the remaining events are processed by a boosted decision tree (BDT) [17] . One of the primary advantages of a BDT over other multivariate techniques is that the inclusion of weak discriminatory variables does not lessen its performance [18] . In total, 37 BDT input variables are used in this analysis [16] .
FIG. 2. Cartoon illustration of an expected event geometry for the final state pp
The Fermi momentum of the parent nucleons will actually distort the back-to-back symmetry of the kaon vectors. Dashed lines indicate particles undetectable in a water Cherenkov detector.
The most powerfully discriminating BDT input variables are the distance between the reconstructed vertices of the kaon-decay product candidates (e.g., two μ þ candidate vertices produced in the same event), and the reconstructed momentum of the K þ candidates, which assumes the candidate particles have a mass of 493.7 MeV=c 2 . In the case of the former, the vertex separation distance is large for the signal events, in which the kaon-decay points are spatially separated, and short for the background events, in which all particles originate from a single neutrino interaction vertex. In the case of the latter, the distribution of the K þ candidate momenta for the signal should be strongly peaked around 800 MeV=c. After precuts and selection on event category, remaining atmospheric neutrino background events have a broader distribution of reconstructed kaon candidate momentum. The BDT input distributions for these variables are shown in Fig. 3 for the Monte Carlo and the SK-I data.
The ROOT-based TMVA [18] package is used to execute the boosted decision tree. The adaptive boosting method is used with 500 trees, and the Gini index is used for the node separation criteria. The cost complexity method is used to prune the BDT after training.
The placement of the final cut on the BDT output is determined by the point which maximizes the significance (Sig:= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi Sig: þ Bkg p .) for identifying one simulated signal event among the number of simulated background events predicted to pass precuts and selection on event category. The background was modeled using the Super-Kamiokande atmospheric neutrino Monte Carlo calculation normalized to the SK-I livetime. By this criteria, the final cut point is determined to be at 0.12, yielding a signal efficiency of 12.6% AE 3.2% and an expected background of 0.28 AE 0.19 events.
The event categories with the highest detection efficiencies in the final signal Monte Carlo sample which passed the BDT all corresponded to the Table II . The purities of the ring classifications for the final signal sample are 93%, 82%, and 67% for the K þ , μ þ , and γ candidates, respectively. In about 
Carlo, the atmospheric neutrino Monte Carlo, and the SK-I data, respectively. Poisson probabilities to observe at least the number of events in the data given the expected background in each category are shown in parentheses, where it is assumed all events in the data were induced by atmospheric neutrinos.
Atm. ν MC events/SK-I exposure SK-I Data events Category Precuts BDT Precuts BDT Precuts (P Poisson ) Final BDT Cut two-thirds of the final signal sample every ring in the event is correctly classified.
The background Monte Carlo sample remaining after the final BDT cut is dominated by charged-current ν μ interactions in which one or more pions are produced. About half of the K þ candidate rings in the simulated background events are generated by muons. The remaining half are mostly generated by charged pions and protons. None of the rings in the final background sample are generated by kaons. About half of the μ þ candidates are generated by charged pions; the other half are generated by muons, protons, electrons, and gammas in roughly equal amounts. Two-thirds of the γ candidates are generated by gammas; the remaining third is generated by electrons. The strength of the showering or nonshowering likelihood in determining the particle type is clearly demonstrated here.
The primary source of systematic error for the signal detection efficiency arises from the uncertainty in the Fermi momentum of the parent nucleons, which is estimated to be AE24% of the Fermi momentum values used in simulations of the signal. The Fermi motion in our simulation is based on the model used by Nakamura et al. [19] , and the estimated error is based on the difference between their experimental data and the prediction of the model. The Fermi momentum determines the opening angle between the two kaons, which has a strong influence on ring classification and signal-tobackground discrimination. The total systematic error on the signal efficiency is estimated to be 25% [16] .
The largest source of systematic error for the background estimation (50%) arose from uncertainties related to the simulation of pion propagation through water. The second largest source of systematic uncertainty (30%) is from training bias of the BDT method. This was estimated by comparing a Monte Carlo set that was independent of the training set used to construct the BDT. The third largest source (20%) is related to hadronic effects of pions propagating through the nucleus in the atmospheric neutrino background. The total systematic error on the background rate is estimated to be 68% [16] .
The final boosted decision tree output for the data is overlaid on the signal and background Monte Carlo in Fig. 4 . A breakdown of the signal efficiency, expected background, and events in the data after the precuts stage (including selection on event category) and after the BDT stage is shown in Table II . No signal candidate events are found in the data. A partial lifetime limit for the dinucleon decay channel pp → K þ K þ is calculated per oxygen nucleus at a 90% confidence level, giving τ=BR pp→K þ K þ > 1.7 × 10 32 years.
This limit is about 2 orders of magnitude larger than the previously published limits for dinucleon decay modes established by Fréjus [10] .
Using our partial lifetime limit for pp → K þ K þ , we calculate a corresponding upper limit on the magnitude of the ΔB ¼ 1 R-parity-violating parameter λ 112 00 following the relation given by Ref. [3] , where we have assumed the ratio between the SUSYand hadronic scales to be 1.1 × 10
and a common superpartner mass of 300 GeV= c 2 . Our upper-limit calculation is jλ 112 00 j < 0.64years
Our new constraint on λ 112 00 is over two orders of magnitude more restrictive than ∼10 −6 , the estimate based on rough nuclear lifetime limits of 10 30 years [3] [4] [5] [6] .
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